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ABSTRACT. In this paper, we define an interval-valued set and an
interval-valued (vanishing) point, and study some of their properties. In
particular, we get the characterization of inclusions, intersections and
unions of interval-valued sets. Also, we deal with some properties of the
images and the preimages under a mapping. Moreover, we introduce the
concept of interval-valued ideals and some of its properties. Next, we define
an interval-valued topology, an interval-valued base [rep. subbase] and an
interval-valued neighborhood, and find their various properties. Finally,
we define an Interval-valued closure [resp. interior] and obtain some of
each properties. Moreover, we show that that there is a unique IVT for
interval-valued interior [resp. closure] operators.
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1. INTRODUCTION

In 1983, Atanassove [1] define an intuitionisic fuzzy set as the generalization
of fuzzy sets (the generalization of classical sets) introduced by Zadeh [18]. In
1996, Coker [5] introduced the notion of intuitionistic sets as the generalization
of classical sets and the special case of intuitionistic fuzzy sets. After that time,
many researchers [2, 3, 4, 6, 7, 8, 15, 16] applied it to topologies. Lee and Chu [13]
formed the category ITop and studied some relationships between ITop and Top.
Recently, Kim et al. [10] investigated the category ISet composed of intuitionistic
sets and morphisms between them in the sense of a topological universe. Also, Kim
et al. [11] defined an intuitionistic topology, intuitionistic interior and closure, and
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studied some of their properties. Furthermore, Kim et al. [12] discussed intuitinistic
hyperspaces based on intuitionistic topological spaces.
Yao [17] defined an interval set (which will called an interval-valued set by us)

giving a tool for approximating undefinable or complex concepts and discussed their
algebraic structures. We can easily see that this concept is the generalization of
classical sets and the special case of interval-valued fuzzy sets proposed by Zadeh
[19]. One motivation for the introduction of these sets is to provide a point-set
based setting for the classical sets and for these sets to apply to topology. In order
to accomplish our research, this paper is composed of six sections. In Section 2,
we recall some definitions of intuitionistic sets introduced by Coker [5]. In Section
3, we list some definitions and results for algebraic structures of interval-valued set
who Yao has dealt with. Also, we define interval-valued points of two types and
discuss with the characterizations of inclusions, intersections and unions of interval-
valued sets. Furthermore, we introduce the concept of interval-valued ideals and
obtain some of its properties. In Section 4, we define an interval-valued topology,
an interval-valued base and subbase, and investigate some of their properties. In
Section 5, we introduce the notions of interval-valued neighborhoods of two types
and find some of their properties. In particular, we show that there is an IVT
under the hypothesis satisfying some properties of interval-valued neighborhoods.
In Section 6, We define interval-valued interiors and closures an obtain some of their
properties. Also, we prove that there is a unique IVT for interval-valued interior
[resp. closure] operators.

2. PRELIMINARIES

In this section, we recall the concepts of an intuitionistic set, an intuitionistic
point, an intuitionistic vanishing point and intuitionistic topological space.

Definition 2.1 ([5]). Let X be a non-empty set. Then A is called an intuitionistic
set (briefly, IS) of X if it is an object having the form

A= (A5, A%),

such that A€ N A% = &, where A€ [resp. A%] represents the set of memberships
[resp. non-memberships] of elements of X to A. In fact, A€ [resp. A%] is a subset
of X agreeing or approving [resp. refusing or opposing] for a certain opinion, view,
suggestion or policy. The intuitionistic empty set [resp. the intuitionistic whole set]
of X, denoted by @ [resp. X], is defined by @ = (&, X) [resp. X = (X, 9)].

We will denote the set of all ISs of X as I.S(X). The inclusion, the equality,
the intersection and the union of ISs, the complement of an IS, and the operations
intersection [ ] and < > on IS(X) refer to [5].

It is obvious that A = (A4, ¢) € I15(X) for each ordinary subset A of X. Then we
can consider an IS of X as the generalization of an ordinary subset of X.

Remark 2.2. Let X be a set and let A € IS(X). We define the mappings u, v :
X — [0,1] as follows: for each z € X,

wz) = x e (), v(z) =X, (2).
274
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Then we can easily see that (u,r) is an intuitionistic fuzzy set in X introduced by
Atanassov [1]. Thus by identifying A with (p,v), we can consider an intuitionistic
set A in X as the specilization of an intuitionistic fuzzy set in X.

Definition 2.3 ([5]). Let X be a non-empty set, a € X and let A € I5(X).

(i) The form ({a},{a}®) [resp. (¢,{a}°)]is called an intuitionistic point [resp.
vanishing point] of X and denoted by a, [resp. a,].

(ii) We say that a, [resp. a,,] is contained in A, denoted by a, € A [resp.
a,, € A, if a € A€ [resp. a ¢ A?].

It is clear that for each A € IS(X) and each x € X, z, € A & z, C A and
z, EAsx, CA

We will denote the set of all intuitionistic points and intuitionistic vanishing points
in X as Ip(X).

Definition 2.4 ([6, 11]). Let X be a non-empty set and let 7 C IS(X). Then 7
is called an intuitionistic topology (in short IT) on X, if it satisfies the following
axioms:

(i) @, X e,

(il) AN B e, for any A, B € T,

(ili) U;e s Aj € 7, for each (4;)jes C 7.

In this case, the pair (X, 7) is called an intuitionistic topological space (in short,
ITS) and each member O of 7 is called an intuitionistic open set (in short, I0S) in
X. An IS F of X is called an intuitionistic closed set (in short, ICS) in X, if F*° € .

It is obvious that {&, X} is the smallest IT on X and will be called the intuition-
istic indiscreet topology and denoted by 77. Also IS(X) is the greatest IT on X
and will be called the intuitionistic discreet topology and denoted by 771. The pair
(X,7r,0) [resp. (X,77,1)] will be called the intuitionistic indiscreet [resp. discreet]
space.

We will denote the set of all ITs on X as IT(X). For an ITS X, we will denote
the set of all IOSs [resp. ICSs] on X as TO(X) [resp. IC(X)].

3. INTERVAL-VALUED SETS

In this section, we list some definitions and some results interval-valued sets who
Yao has proposed and has obtained. Next, We define interval-valued points of two
types and obtain the characterizations of inclusions, intersections and unions of
interval-valued sets. Also, we deal with properties for the images and preimages
under a mapping. finally, we introduce the concept of interval-valued ideals and
study some of their properties.

Definition 3.1 (See [17]). Let X be an non-empty set. Then the form
[A7,AT]={BCX:A" CcBCA"}

is called an interval-valued set (briefly, IVS) or interval set in X, if A=, At C X
and A~ C AT. In this case, A~ [resp. AT] represents the set of minimum [resp.

maximum| memberships of elements of X to A. In fact, A~ [resp. A™]is a minimum
275
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[resp. maximum| subset of X agreeing or approving for a certain opinion, view,
suggestion or policy. [@, @] [resp. [X, X]] is called the interval-valued empty [resp.
whole] set in X and denoted by & [resp. X]. We will denote the set of all IVSs in
X as IVS(X).

It is obvious that [A, A] € IVS(X) for classical subset A of X. Then we can
consider an IVS in X as the generalization of a classical subset of X. Furthermore,
if A=[A",A%] € IVS(X), then

Xa =X, s X 4]

is an interval-valued fuzzy set in X introduced by Zadeh [19]. Thus we can consider
an interval-valued fuzzy set as the generalization of an IVS.

Example 3.2. Let X = {a,b,c}. Then
1IVS(X) = {2,[,{a}], (@, {b}], @, {c}], [, {a,b}], [, {b, c}], [@, {a, c}], [@, X],
[{a},{a}], {a}, {a, b}], [{a},{a, c}], {a}, X],, [{b}, {a, b}], [{b}, {b, c}],
[{b}, X1, e} {a, c}], {e}s {6, e}], {e}, X, {a, b}, {a, b}, [{a, b}, X],
[{a, ¢} {a, ¢}, [{a, e}, X, [{b, ¢}, {b, ¢}, [{b, ¢}, X], X}
Definition 3.3 (See [17]). Let X be a non-empty set and let A, B € IVS(X).
Then
?i) we say that A contained in B, denoted by A C B, if A~ C B~ and AT C BT,
(ii) we say that A equal to B, denoted by A= B, if A C B and B C A,
(iii) the complement of A, denoted A€, is an interval-valued set in X defined by:

A =[(AT)", (A7),
(iv) the union of A and B, denoted by AUB, is an interval-valued set in X defined
by:
AUB=[A"UB ,ATuUB™],
(v) the intersection of A and B, denoted by AN B, is an interval-valued set in X

defined by:
ANB=[A"NB ,A"nB"].

Example 3.4. Let X = {a,b,c}. Consider A = [{a},{a,b}], B = [{b},{b,¢}] €
IV S(X). Then clearly we have

A¢ = [{c},{b,c}], AUB = [{a,b}, X], AN B = [, {b}].
The followings are (il), (i2), (i3), (k1), (k2) and (k3) in [17].

Result 3.5. Let X be a non-empty set and let A, B, C € IVS(X). Then
(1) ZcAcCX,

2)if AC B and BC C, then ACC,

JACAUB and BC AUB,

)ANB C A and AN B C B,

)ACB ifand only if ANB = A,

) A C B if and only if AUB = B.

The followings are (I1)—(I8) in [17].

(

(3
(4
(5
(6

276
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Result 3.6. Let X be a non-empty set and let A, B, C € IVS(X). Then
(1) (Idempotent laws) AUA=A, ANA=A,
(2) (Commutative laws) AUB =BUA, ANB=BNA,
(3) (Associative laws) AU (BUC)=(AUuB)UC, An(BNC)=(ANnB)NC,
(4) (Distributive laws) AU(BNC)=(AUB)N(AUC),

AN(BUC)=(ANB)U(ANC),

) (Absorption laws) AU(ANB)=A, AN(AUB) = A,

) (DeMorgan’s laws) (AU B)¢ = A°N B¢, (AN B)¢ = A°U B¢,

) (A9)° = A,

) (8,) AU =A, AND =2,

(8) AUX X, AnX = A,

(8.) X =98, &°=X,

(84) AU A £ X, AN A° + & in general (See Ezample 3.7).

Example 3.7. Let X = {a,b,c}. Consider A = [{a},{a,b}] € IVS(X). Then
clearly, A¢ = [{c},{b,c}]. Thus ANA° = [@,{b}] # & and AUA® = [{a,c}, X] # X.

Definition 3.8. Let (A;);es be a family of members of IV .S(X). Then
(1) the intersection of (A;),ec.s, denoted by (.. ; A;, is an IVS in X defined by:

jeJ
N4 =104 N 47
JjeJ jeJ jEJT

(ii) the union of (A;); e, denoted by ;¢ ; AJ7 is an IVS in X defined by:
U =14 U
j€T = jed
The following is the immediate result of Definition 3.8.
Proposition 3.9. Let A € [X] and let (A;)jes be a family of members of IV.S(X).
Then
(1) (Mjes 4 = Ujes A5, Ujes 45)° = Njes 45
(2) An(U,es 45) = UJGJ(ADA ), AU (ﬂjeJA ) Njes (AU A;).
Definition 3.10. Let X be a non-empty set, let a« € X and let A € IVS(X). Then
the form [{a}, {a}] [resp. [&, {a}]] is called an interval-valued [resp. vanishing] point
in X and denoted by a,, , [resp. @, ,]. We will denote the set of all interval-valued
points in X as IVp(X).
(i) We say that a,, . belongs to A, denoted by a,,, € A,ifa € A™.
(ii) We say that a,,, , belongs to A, denoted by a €A ifac AT,
Proposition 3.11. Let X be a non-empty set and let A € IVS(X). Then

A=A, ,UA

IVV P

IVVP)?
where AIVP = UaIVPeA Qryp and AIVVP = UaIVVPeA Qryyp-
In fact, A,,, =[A",A7] and A,,,, = [9,AT]
Proof. From Definition 3.10 and the definitions of A,,, and A4, ., we have

IVP = U {a} U {a}] and AIVVP = [Q, U {a’}}
A A A
277
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Thus A,,, =[A",A Jand 4,,,, = [9,AT]. SoA=A,,, UA,, ., O

Example 3.12. Let X = {a,b,¢,d,e, f,g,h,i}. Consider A = [{a, b, c,d},{a,b,c,d,e, f}].
Then clearly, a, b, ¢, d € A~ and e, f € AT\ A~. Thus we have

a b

v CIVP? d GA

IVP) IV P
and
aIVVP’ bIVVP7 CIVVP’ dIVVP7 eIVVP7 fIVVP EA
So 4,,, = [{a,b,c,d}, {a,b,c,d}] = [A~,A ] and A,,,, = [¥,{a,b,c,d,e, f}] =
[@, AT]. Hence we can confirm that Proposition 3.11 holds.

Proposition 3.13. Let X be a non-empty set. We two mappings f : IS(X) —
IVS(X) and g : IVS(X) — IS(X), respectively as follows: for each (A€, A%) €
IS(X) and [A~,AT] € IVS(X),

F((AS, A%)) = [AS, A%, g([A™, AY]) = (A7, AT°).

Then go f =idrg(x) and fog =idrygx) such that f(a,) = a,,,, fla;,)=a,,,p
and g(a,,p) =a,, g(a,,,p,) =a,, foreachaec X.

Proof. Straightforward. O

Theorem 3.14. Let (Aj)je;s CIVS(X) and let a € X.

(1) a,yp, € NA; [resp. a,,p, € (Aj] if and only if a,,, € Aj [resp. a,,,, €
A;], for each j € J.

(2) ayyp € UA; [resp. a,yvp € UA;] if and only if there exists j € J such that
Gyyp € Aj [resp. Gryyp € Aj‘

Proof. Straightforward. O

Theorem 3.15. Let A,B € IVS(X). Then

(1) Ac Bif and only if a,,, € A= a,,, € B [resp. a,,,, € A= a,,,, € BJ
for each a € X.

(2) A= B ifand only ifa,,, € A< a,,, € B [resp. a,,,, € A< a,,,, € BJ
for each a € X.

Proof. Straightforward. 0

Definition 3.16. Let X, Y be two non-empty sets, let f : X — Y be a mapping
and let A € IVS(X), Be IVS(Y).
(i) The image of A under f, denoted by f(A), is an IVS in Y defined as:

F(A) = [f(A7), f(AT)].
(ii) The preimage of B under f, denoted by f~1(B), is an IVS in X defined as:
F7UB) = 11B7), B
It is obvious that f(a,,,) = f(a),,, and f(a,,,,) = f(a),, ., for each a € X.
Proposition 3.17. Let X, Y be two non-empty sets, let f : X — 'Y be a mapping,
letA, Al, A2 S IVS(X), (Aj)jGJ C IVS(X) and l€tB, Bl, By € IVS(Y), (Aj)jGJ C
IVS(Y). Then

(1) if Ay C Ag, then f(A1) C f(A2),
278
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(2) if B C B2, then f~'(B1) C f~'(Ba),
(3) AcC f L(f(A)) and if f is injective, then A = f=(f(A)),
(4) f(f~YB)) C B and if f is surjective, f(f~*(B)) = B,
(5) f7 Ujes Bi) = Ujes FH(B)),
(6) = (Njes Bi) = Njes FHB;),
(1) f(Ujes 4) = Ujes F(4)),
(8) f(ﬂ]eJA ) C ﬂ]EJ f(A;) and if f is injective, then f(ﬂJeJ ;)= njeJ f(4;),
(9) if [ is surjective, then f(A)° C f(A°).
(10) f~H1(B°) = f_l(B)c-
(1) fH(@) =&, fH(X) =X, L
(12) f(@) = @ and if f is surjective, then f(X) =X,
(13) if g : Y — Z is a mapping, then (go f)~Y(C) = f~ (g X)), for each
Celvs(2).

Proof. The proofs are straightforward. g

Definition 3.18. Let X be a non-empty sets and let L be a non-empty family of
IVSs in X. Then L is called an interval-valued ideal (briefly, IVI) on X, provided
that it satisfies the following conditions: for any A, B € IV S(X),

(i) (Heredity) if A € L and B C A, then B € L,

(ii) (Finite additivity) if A, B € L, then AU B € L.

An interval-valued ideal L is called a o-interval-valued ideal (briefly, o-IVI), pro-
vided that it satisfies the following condition:
(Countable additivity) if (A, )nen C L, then |, .y An € L.

In particular, an IVI L is said to be proper [resp. improper], if X ¢ L [resp.
X el

It is obvious that @ € L and for each @ # A € IV S(X),
{BelIVS(X):BC A}

is an IVI on X. In this case, We will write {B € IVS(X): B C A} = IVI(A) and
call it as the principal IVI of A, and A is called a base of IVI(A).

We will denote the interval-valued ideal of IVSs in X having finite [resp. count-
able] support of X as IV Iy [resp. IV 1], and the set of all IVIs on X as IVI(X).

Remark 3.19. Let L be an IVIon X and let L~ = {A~ Cc X : A€ L}, Lt =
{A* C X : A€ L}. Then L™ and L* are ordinary ideals on X. In this case, L~
[resp. LT] will be called the lower [resp. upper]| interval-valued ideal of L.

Example 3.20. Let X = {a,b,c} and consider IVSs in X given by:
= [{a}7 {a}]’ B= [Q’ {a’}]7 C= [{a}7 {avb}]v
= [@,{a,b}], E= [@,{b}], F= [{C}’ {C}]v
= [{C}v {a,c}], H= [{C}v {bv CH’ I= [{avc}a {a’a C}]v J = [{avc}vX}

= [Qv{C}L M = [Qa{avc}]a N = [@,{b,c}], 0= [®7X].
279
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Let L={2,A,B,C,D,E,F,G,H,I,J,K,M,N,O}. Then we can easily check that
L is an IVI on X. Moreover, consider the following sets:

L~ = {@7 {a}’ {C}> {avc}} and Lt = {Q, {a}7 {b}’ {C}, {a’b}’ {a7 C}, {b7c}>X}'

Then we can easily confirm that L= and Lt are ordinary ideals on X.

Definition 3.21. Let L;, Ly be two IVIs on a non-empty set X. Then

(i) Lo is said to be finer than L; or L; is coarser then Lo, if Ly C Lo,

(i) Lo is said to be strictly finer than L; or Lp is strictly coarser then Lo, if
Ly C Ly and Ly 7é Lo,

(iii) Ly and Lo are said to be comparable, if one is finer than the other.

It is clear that (IVI(X),C) is a poset. Furthermore, {@} [resp. IV S(X)] is the
smallest [resp. largest] IVI on X.

The following is the immediate result of Definitions 3.3 and 3.18.

Proposition 3.22. Let X be a non-empty set and let (L;);cs be a non-empty family
of IVIs on X. Then (\;c; Ly, Uje; Lj € IVI(X).
In fact, ﬂjeJ L; =inf;csL; and |J

e L;= supje_]Lj.

The following is the immediate result of Definition 3.18.

Theorem 3.23. Let X be a non-empty set, A € IVS(X) and let L € TVI(X).
Then A is a base of L if and only if B C A for each B € L

Theorem 3.24. Let X be a non-empty set and A, B € IVS(X). Let Ly be an IVI
on X with a base A and let Lo be an IVI on X with a base B. Then Ly is finer than
Lo if and only if B C A for each C € IV S(X) such that C C B.

Proof. The proof is straightforward from Definition 3.21. O
The following is the immediate result of Theorem 3.24.

Corollary 3.25. Let X be a non-empty set and A, B € IVS(X). Let Ly be an IVI
on X with a base A and let Ly be an IVI on X with a base B. Then A and B are
equivalent if and only if C C A for each C € IVS(X) such that C C B and D C B
for each D € IV(X) such that D C A.

Proposition 3.26. Let X be a non-empty set and let n = (A;);jes be a non-empty
family of IVSs on X. Then there is an IVI L(n) on X, where

Lin)={AeIV(X): Ac 4, Jis finite}.
jeJ
Proof. The proof is straightforward from Definition 3.18. O

4. INTERVAL-VALUED TOPOLOGICAL SPACES

In this section, we define an interval-valued topology on a non-empty set X, and
study some of its properties and an interval-valued intuitionistic set combined by
an intuitionistic set and an interval-valued set, and give some examples. Also, we
introduce the concepts of an interval-valued base and subbase , and a family of IVSs
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gets the necessary and sufficient conditions to become IVB and gives some examples.
Moreover, we define some interval-valued interval in R.

Definition 4.1. Let X be a non-empty set and let 7 be a non-empty family of IVSs
on X. Then 7 is called an interval-valued topology (briefly, IVT) on X, if it satisfies
the following axioms:

(IVO,) @, X e 1,

(IVO3) ANB e 7 for any A, Be T,

(IVO3) U, Aj € 7 for any family (A;);es of members of 7.

In this case, the pair (X, 7) is called an interval-valued topological space (briefly,
IVTS) and each member of 7 is called an interval-valued open set (briefly, IVOS) in
X. ATVS A is called an interval-valued closed set (briefly, IVCS) in X, if A¢ € 7.

It is obvious that {&, X} is an IVT on X, and will be called the interval-valued
indiscrete topology on X and denoted by 7,,,,. Also IV S(X) is an IVT on X, and
will be called the interval-valued discrete topology on X and denoted by 7,,,,. The
pair (X, 7,,,) [resp. (X,7,,,)] will be called the interval-valued indiscrete [resp.

discrete| space.

We will denote the set of all IVTs on X as IVT(X). for an IVTS X, we will
denote the set of all IVOs [resp. IVCSs] in X as IVO(X) [resp. IVC(X)].

We can easily see that for each 7 € IVT(X), the family

X, ={Xa X0 =X, 5X,, ], A€T}

is an interval-valued fuzzy topology on X proposed by Mondal and Samanta [14].
Then an IVT is a special case of an an interval-valued fuzzy topology on X.

Remark 4.2. (1) For each 7 € IVT(X), consider two families of subsets of X:
m={A"CcX:Aertand Tt ={AT CX:AeT}

Then we can easily check that 7~ and 77 are ordinary topologies on X .

In this case, 7~ [resp. 77| will be called the lower [resp. upper| topology of 7 and
we will write 7 = (77, 77). In fact, we can consider (X,77,77%) as a bitopological
space on X introduced by Kelly [9]. Then an IVT is a generalization of a classical
topology on X.

(2) Let (X, 7) be an ordinary topological space such that 7 is not indiscrete. Then
there are two IVTs on X given by:

' =1{8, X} JG.G:Ger}, 7 ={8, X} J{[2.G]: Ger}

(3) Let (X, 77) be an intuitionistic topological space and consider the family 7 of
IVSs in X defined as follows:

7= {[A%, A7) A= (A%, A7) e 7).

Then we can easily see that 77y is an IVTS from Proposition 3.13 and Definition
4.1.
281
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Example 4.3. (1) Let X = {a,b}. Then clearly, we have

TIV,l = {é7 aIVP’ bIVP7a’IVVP7bIVVP’ ['®7X]7 [{a}7X]7 [{b}7X]7X}'

(2) Let X be a set and let A € IV.S(X). Then A is said to be finite, if AT is
finite. Consider the family 7 = {U € IV(X) : U = @ or U° is finite}. Then we can
easily check that 7 € IVT(X).

In this case, 7 will be called an interval-valued cofinite topology (briefly, IVCFT)
on X and denoted by IVCof(X).

(3) Let X be a set and let A € IVS(X). Then A is said to be countable, if AT
is countable. Consider the family 7 = {U € IV(X) : U = & or U°® is countable}.
Then we can easily prove that 7 € IVT(X).

In this case, 7 will be called an interval-valued cocountable topology (briefly,
IVCCT) on X and denoted by IVCoc(X).

The following is the immediate result of Definition 4.1

Proposition 4.4. Let X be an IVTS. Then
(1) 2, X e IVC(X),
(2) AUB € IVC(X) for any A, B € IVC(X),
(3) Njes 45 € IVC(X) for any (Aj)jes C IVCO(X).

Definition 4.5. Let X be a non-empty set and let 7, 72 € IVT(X). Then we say
that 71 is contained in 75 or 71 is coarser than 75 or 7o is finer than 7, if 71 C 7o,
ie., A€ 1 for each A € 1.

It is obvious that 77y,o C 7 C 7rv,1 for each 7 € IVT(X).
The following is the immediate result of Definitions 3.8 and 4.1.

Proposition 4.6. Let (7;)jes C IVT(X). Then (\;c;7; € IVT(X).
In fact, ﬂjeJ 7j is the coarsest IV on X containing each ;.

Proposition 4.7. Let 7, v € IVT(X). We define 7 Ay and 7V v as follows:
TAy={W :Wer, Wen},

TVy={W . W=UUV, Uer, Ven}
Then we have

(1) 7 Ay is an IVT on X which is the finest IVT coarser than both T and ~,
(2) TV yis an IVT on X which is the coarsest IVT finer than both T and ~,

Proof. (1) It is clear that 7 Ay € IVT(X). Let n be any IVT on X which is coarser
than both 7 and ~, and let W € n. Then clearly, W € rand W € v. Thus W € 7 A~.
So n is coarser than 7 A 7.

(2) The proof is similar to (1). O

Definition 4.8. Let (X, 7) be an IVTS.
(i) A subfamily 8 of 7 is called an interval-valued base (briefly, IVB) for 7, if for
each A€ 7, A= or there is 8 C 3 such that A = UB/.
(ii) A subfamily o of 7 is called an interval-valued subbase (briefly, IVSB) for 7,
if the family 8 = {(o : ¢ is a finite subset of o} is an IVB for 7.
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Remark 4.9. (1) Let 5 be an IVB for an IVT 7 on a non-empty set X and let
B ={A": Aep}, gt ={AT: A e B} Then B8~ is an ordinary base for 7~ and
BT is an ordinary base for 7.

(2) Let o be an IVSB for an IVT 7 on a non-empty set X and let 0~ = {A~ C
X:A€o}, ot ={AT C X: A€o} Then o~ is an ordinary subbase for 7~ and
ot is an ordinary subbase for 7.

Example 4.10. (1) Let 0 = {[(a,b), (a,0)] : a, b € R} be the family of IVSs in R.
Then o generates an IVT 7 on R which will be called the “usual left interval-valued
topology (briefly, ULIVT)” on R. In fact, the IVB § for 7 can be written in the
form: N
B={R}U{NyerS, : Sy € o, T is finite}
and 7 consists of the following IVSs in R:
T = {éa I’RE7 [U(ajv bj)7 (Ca OO)], [U(aka bk)7 R]}7

where a;,b;,¢c € R, {a; : j € J} is bounded from below, ¢ < inf{a; : j € J} and
ak, b € R, {ay : k € K} is not bounded from below.

Similarly, one can define the “usual right interval-valued topology (briefly, URIVT)”
on R using an analogue construction.

(2) Consider the family o of IVSs in R

0= {[(a,b),(al,oo) N (_Oo?bl)] 1 a, b7 ai, by € Ra ay < a, by > b}

Then o generates an IVT 7 on R which will be called the “usual interval-valued
topology (briefly, UIVT)” on R. In fact, the IVB 3 for 7 can be written in the form:

B ={R}U{NyerS, : S, €0, T is finite}

and the elements of 7 can be easily written down as in (1).
(3) Consider the family ojg 1) of IVSs in R

ap0,1] = 1l[a, 0], [a,00) N (—o0,b]] :a,b € Rand 0 < a < b < 1}.

Then oo 1) generates an IVT 719 1) on R which will be called the “usual unit closed
interval interval-valued topology” on R. In fact, the IVB g 1) for 71 can be
written in the form:

ﬁ[O,l] = {@} U {m»YeFS»Y : Sfy S 0'[071], I'is ﬁmte}

and the elements of 7 can be easily written down as in (1).

In this case, ([0,1],7[,1]) is called the “interval-valued usual unit closed interval”
and will be denoted by [0, 1]y, where [0, 1]y = [[0,1], [0, 00) U (—o0, 1]].

(4) Let X be a non-empty set and let 5 = {a,,, : a € X} U{a,,,, 1 a € X}.
Then f3 is an IVB for the interval-valued discrete topology 7,,, on X.

(5) Let X = {a,b,c} and let g8 = {[{a,b}, X], [{b, c},X],X’}. Assume that 3
is an IVB for an IVT 7 on X. Then by the definition of base, § C 7. Thus
[{a,b}, X], [{b,c}, X] € 7. So [{a,b}, X] N [{b,c}, X] = [{b}, X] € 7. But for any
B c B, [{b}, X] £ B . Hence B is not an IVB for an IVT on X.

From (1), (2) and (3) in Example 4.10, we can define interval-valued intervals as

following.
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Definition 4.11. Let a, b € R such that a < b. Then
(i) (the closed interval) [a, b]rvr = [[a,b], [a, —00) N (—o0, b]],
(ii) (the open interval) (a,b)rvr = [(a,b), (a, —00) N (=00, b)],
(iii) (the half open interval or the half closed interval)

(a7 b]IVI = [(a’ b]? (aa _OO) N (_007 b”’ [av b)IVI = [[a> b)v [a7 _OO) n (—OO, b)]v
(iv) (the half interval-valued real line)
(—o0, a]TVI = [(_OO)GL (—o0, G']L (_ooaa)IVI = [(—OO,CL), (_Oo)a)]v

[CL, OO)IVI = Hav 00)7 [CL, OO)], (CL, OO)IVI = [(a7 00)7 (a’ OO)]7
(v) (the interval-valued real line) (—o00,00) v = [(—00,50), (—00, )] = R.

Theorem 4.12. Let X be a non-empty set and let 5 C IV.S(X). Then 8 is an IVB
for an IVT 7 on X if and only if it satisfies the followings:

(1) X = Uﬁ7

(2) if B1,Bs € 5 and a,,,, € By N By [resp. a,,,, € B1 N By], then there exists
B € B such that a,,, € B C By N By [resp. a,,,, € BC B1NByJ.

IV P

Proof. The proof is the same as one in ordinary topological spaces. O

Example 4.13. Let X = {a,b,c} and let § = {[{a}, {a}], [{a, b}, {a,b}], [{a,c}, {a, c}]}.
Then clearly, 8 satisfies two conditions of Theorem 4.12. Thus 8 is an IVB for an
IVT 7 on X. Furthermore, 7 = {&, [{a}, {a}], [{a, b}, {a,b}], [{a,c}, {a,c}], X}.

Proposition 4.14. Let X be a non-empty set and let 0 C IVS(X) such that X =
\Jo. Then there exists a unique IVT T on X such that o is an IVSB for .

Proof. Let 3 ={B € IVS(X):B=]_,Siand S; € g}. Let 7 ={U € IVS(X) :
U = @ or there is a subcollection ﬂl of B such that U = Uﬂl}. Then we can show
that 7 is the unique IVT on X such that ¢ is an IVSB for 7. g

In Proposition 4.14, 7 is called the IVT on X generated by o.
Example 4.15. Let X = {a,b,c,d,e} and let

o ={[{a},{a}],{a,b,c},{a,b,c}],[{b, ¢, e}, {b, c, e}], [{e, d}, {c, d}]}.

Then clearly, | Jo = X. Let [ be the collection of all finite intersections of members
of 0. Then
B =A{2,[{a},{a}], [{c}, {c}], [{b, ¢}, {b, c}], [{a, b, c}, {a, b, c}],
[{b,c.e}, {b,c,e}], [{c, d}, {c,d}]}
Thus the generated IVT 7 by o is
T =19, [{a}, {a}], [{c}, {c}], {a, c}, {a, c}], [{b, c}, {b, c}],
[{e,d}, e d}], [{a,b, e}, {a, b}, [{brc, db, {b, ¢, d}],
[{b,c. e}, {b,c,e}], {a, b, c,e}, {a,b,c, e}], X}
In fact, 7= = {@,{a}, {c}, {a,c}, {b,c},{c,d}, {a,b,c},
{f_), c,d}, {b,c e}, {a,b,c, e}, X}
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5. INTERVAL-VALUED NEIGHBORHOODS

In this section, we introduce the concept of interval-valued neighborhoods of IVPs
of two types, and find their various properties and give some examples.

Definition 5.1. Let X be an IVTS, a € X and let N € IVS(X). Then
(i) N is called an interval-valued neighborhood (briefly, IVN) of a,, ., if there
exists a U € IVO(X) such that

a,,p €EUCN, ie, acU CN—,

(ii) N is called an interval-valued vanishing neighborhood (briefly, IVVN) of

a if there exists a U € IVO(X) such that

IVVP?
a cUCN, ie,acU™CN
IVV P b My M

We will denote the set of all IVNs [resp. IVVNs] of a, ., [resp. a,,.,] by N(a
[resp. N(a

IVP)

IVVP)]'

Example 5.2. Let X = {a,b,c,d} and let 7 be the IVT on X given by:
T =19,[9,{a}],[{a},{a}], {0}, {b}], {0}, {a, b}], [{a, b}, {a, b}],

[{b,¢}. {b,¢,d}], [{a, b, e}, X], X},
where A, = [Q’ {a}]’ Ag = [{CL}, {a}]a Az = [{b}7 {b}]’ Ay = [{b}7 {aab}]v
As = [{a,b},{a,b}], As =[{b,c},{b,c,d}], A7 = [{a,b,c}, X].
Let N = [{a, b}, {a,b,d}]. Then we can easily see that

N E N(aIVP) m N(aIVVP)7 N E N(bIVP) m N(bIVVP)7 N E N(dIVVP)'

Proposition 5.3. Let X be an IVTS and let a € X.
IVN1] If N € N(a,,p), then a,,, € N.
IVN2] If N € N(a,,,) and N C M, then M € N(a,, ).
[IVN3] If N,M € N(a,,,), then NN M € N(a,,,)-
[IVN4] If N € N(a,,,), then there exists M € N(a

for each b, , € M.

such that N € N(b

IVP) IVP)

Proof. From Definition 5.1, the proofs of [IVN1] and [IVN2] are easy.
[IVN3] Suppose N, M € N(a,, ). Then there are U, V € IVO(X) such that

a,,p €EUCNanda,,, €V C M.
Let W = UnNV. Then clearly, W € IVO(X) and a,,, € W C NN M. Thus
NNM e N(a,yp).
[IVN4] The proof is obvious from Definition 5.1 and the condition [TVN1]. O

Proposition 5.4. Let X be an IVTS and let a € X.
[IVVNI1] If N € N(a,,p), then a,,,, € N.
[IVVN2] If N € N(a,,,p,) and N C M, then M € N(a,,p)-
[IVVN3] If N,M € N(a,,,,), then NN M € N(a

IVVP)'

[IVVN4] If N € N(a,,,,), then there exists M € N(a,,,,) such that N €
N(b,,,p) for each b,,, . € M.
Proof. The proof is similar to one of Proposition 5.3. O
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Proposition 5.5. Let (X, 1) be an IVTS and let us define two families:
T,vp ={U € IVS(X):U € N(a,,,) for each a,,, € U}

and

TIVVP

={UelVS(X):U € N(a for each a,,,, € U}.

IVVP)
Then we have
(1) TIVP7 7_IVVP G IVT(X)?

2) T CTp and T C Ty p-

Proof. (1) We only prove that 7

IVVP

(IVO4) From the definition of 7

IVVP)

e IVT(X).
we have &, X € Tivve-
(IVO2) Let U ,V € IVS(X) such that U ,V € 7,,,,,, and let a
clearly, U, V € N(a,,,p)- Thus by [IVVN3], UNV € N(a,,y») v
(IVO3) Let (Uj)jes be any family of IVSs in 7, ,, let U = [J;c;U; and let
a,,yp € U. Then by Theorem 3.14 (2), there is jo € J such that a,,,, € Uj,.
Since Uj, € T,yvp, Ujy € N(a,,\p) by the definition of 7, .. Since U;, C U,
U e N(a,,,p) by [IVVN2]. So by the definition of 7, ,, U € 7,1 p-
(2) Let U € 7. Then clearly, U € N(a,, ) and U € N(a,,,) foreach a,,, € G

and a,,,, € G, respectively. ThusU € 7,,,, and U € 7,,,,, .. So theresults hold. O

wvp €UNV. Then
SoUNV er

Remark 5.6. (1) From the definitions of 77y p and 7,,,,,, we can easily have:

Tp =TU{[U,8]€IVS(X):U" CS, Uer}

and
Tivp =TU{S €IVS(X):@#S~ Cc X\U", St =S uU", U=[2,Ut] 7}

In fact, if U~ # @ for each U € 7, then 7,,,,,, = T.
(2) For any IVT 7 on a set X, we can have four ordinary topologies on X given
by:
. ={U cX:Uer,,}, 7, ={UtcX:Uer,,,.}
and
7 ={U  cX:Ue€er,

IVVP

VVP}? T;t/vp = {U+ CcCX:Ue TIVVP}‘

Example 5.7. (1) Let X = {a,b,c,d} and consider the family 7 of IVSs in X given
by:
T = {é7 )2:7 A17 AQa A37 A47 A57 A67 A7}7

where Ay = [{a,b},{a,b,c}], Az =[{c},{b,c}], A3 =[2,{a,c}],

Ay = [{a,b,c}, {a,b,c}], A5 = [2,{b,c}], As¢ =9, {c}], A7 = [{c},{a,b,c}].
Then we can easily check that (X, 7) is an IVTS. Thus we have

Trvp =TU {A87 A97 Alo}a
where Ag = [{a, b}, X], A9 = [{c}, X], A1o = [{a,b,c}, X].
Also, we have

Toovp =T U{A11, A12, A13, A14, A1s, Are, Ar7, Ais, A1g, Aag, A1, Aoz}
where Ay; = [{b},{a,b,c}], A1z = [{d},{a,c,d}], A1z =[{b,d}, X],

A14 = [{a}7 {a7 bu C}], Ald = [{d}> {b7 C, d}]u A16 = [{ba d}7 X]7

A7 = [{a}7 {a’ CH? Ay = [{b}> {b> C}]7 A9 = [{d}v {C’ d}]7
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A20 = [{a7 d}7 {a7 c, d}]7 A21 = [{bv d}v {bv & d}]a A22 = [{aa bv d}v X]
So we can confirm that Proposition 5.5 holds.
Furthermore, we obtain six ordinary topologies on X for the IVT 7:

7~ ={2,X,{c},{a,b},{a,b,c}},
" ={2,X {c},{a,c},{b.c},{a,b,c}},
1., =19, X, {c},{a,b},{a,b,c}} =77,
™t ={2,X,{c},{a,c},{b,c},{a,b,c}} =77,
,VV = {2, X, {a},{b},{c}, {d},{a, b}, {a, d},{b,d} ,{a, b, c},{a, b, d}},
mt ={2,X,{c},{a,c},{b,c},{c,d},{a,b,c},{a,c,d}, {b,c,d}}.
(2) X ={a,b,c¢,d} and n be the IVT on X given by:
n= {é7)?7A1aA27A37A4}7
where Ay = [{b},{b, c}], A2 = [{a,b},{a,b,c}], A3 = [{b,c}, {b,c,d}], A5 = [{a,b,c}, X].
Then we easily check that n,,, = 7.
The following is the immediate result of Proposition 5.5 (2).
Corollary 5.8. Let (X, 1) be an IVTS and let IV C; [resp. IVCy  and IVC
be the set of all IVCSs w.r.t. T [resp. T,,, and T, ,]. Then
IvC, CIVC; ., and IVC, C IVC:

IVVP]

1vvp'
Example 5.9. Let (X, 7) be the IVTS given in Example 5.7. Then we have:
1VC, = {@,X,A JAS, AS, AS AL, AG, AS, AT,
e,  =1VC: U{4g, A5, A%y},
VP

IVC,  =1VC: U{AS, Ay, ASy, ASy, Ay, ASe, AS7, ASg, ASo, ASy, A3, ASy ),
where A% = [{d}’ {C, d}]> Ag = [{a’ b}’ {a7 b’ d}]7 Ag = [{ba d}vX]7
Af =[{d}.{d}], A5 =[{a.d}, X], Af = [{a b,d}, X,
= [{d}v{a,b,d}] Ag = [@.{c, d}] = [2,{a,b,d}],

Afy = [@,{d}], A, = [{d} {a,c,d}], Af, = [{b},{a,b,c}], Af3=[2,{a,c}],
Afy = [{d}7 {b7 G, d}], 5 = [{a}7 {a, b, C}], 6 = [@7 {a7 C}]a

Afr = [{b’ d}7 {b7 G, d}]’ AES = Hav d}) {av G, d}]a Afg = [{a’ b}v {av b, CH?
Ao = [{b},{a,b,c}], A3, = [{a},{a,c}], A3, =[@.{c}].

Thus we can confirm that Corollary 5.8 holds.
Now let us consider the converses of Propositions 5.3 and 5.4

Proposition 5.10. Let X be a non-empty set. Suppose to each a € X, there corre-
sponds a set N*(a, ) of IVSs in X satisfying the conditions [[VVNI], [[VVNZ2],
[IVVNS3] and [IVVIN/}] in Proposition 5.4. Then there is an IVT on X such that
N*(a,,p) 1 the set of all IVVNs of a in this IVT for each a € X.

Proof. Let
Tivvp =1U € IVS(X) : U € N(a,,) for each a,,,., € U},

where N(a,,, ) denotes the set of all IVVNs in 7.
Then clearly, 7,,,, € IVT(X) by Proposition 5.4. we will prove that N*(a,, ) is
the set of all IVVNs of a in 7, for each a € X.
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Let V € IVS(X) such that V € N*(a,,,,) and let U be the union of all the
IVVPs b, , in X such that U € N*(a,, ). If we can prove that

Gppp €EUCVand U € 7,5,

then the proof will be complete.

Since V€ N*(a,y,y,), @,,vp € U by the definition of U. Moreover, U C V.
Suppose b, .., € U. Then by [I[VVN4], there is an IVS W € N*(b,,,,») such that
V € N*(¢,y ) for each ¢,,,,, € W. Thus ¢, , € U. By Theorem 3.15, W C U.
So by [IVVN2], U € N*(b,, ) for each b,,,,,, € U. Hence by the definition of 7,,,,,,
U e 1,,,. This completes the proof. O

Proposition 5.11. Let X be a non-empty set. Suppose to each a € X, there corre-
sponds a set N*(a,, ) of IVSs in X satisfying the conditions [[VN1], [[VN2], [[VN3]
and [IVN4] in Proposition 5.3. Then there is an IVT on X such that N*(a,, ) is
the set of all IVNs of a,,,, in this IVT for each a € X.

Proof. The proof is similar to Proposition 5.10. O
Theorem 5.12. Let (X,7) be an IVTS and let A € IVS(X). Then A € 7 if and

only if A€ N(a,,,) and A€ N(a,,,,) for each a,,., a,,,, € A.

Proof. Suppose A € N(a,, ) and A € N(a,,,) for each a,,,, a,,,, € A. Then

thereare U, ., Vo, , € Tsuchthata,, , €U, , CAanda,,,, €V,  CA

Thus

A:( U aIVP)U( U aIVVP)C( U Ualvp)u( U VaIVVP)CA-

apyp€A aryyp€A apyp€A apyyp€A

So A= (UaijeA Ua,, )V (UG’IVVPEA Va,,,p)- SinceUq . Vo €7, AET.

The proof of the necessary condition is easy. O

Now we will give the relation among three IVTs, 7, 7,,,, and 7, .-

Proposition 5.13. 7=17,,, N7, 5.

Proof. From Proposition 5.5 (2), it is clear that 7 C 7, N Ty p-

Conversely, let U € 7,,, .07, »- Thenclearly, U € 7,,,, and U € 7,,,,,.. Thus U is

an IVN of each of its IVPs a,,, . and an IVVN of each of its IVVPs a,,,,, .. Thus there
are Uy, Ua,,,, €Tsuchthata,,, €U, , CUanda,,,, €U, , CU. So
we have
UIVP = U Grvp C U arvp
aryp€U aryp€U
and
Uvyp = U Aryvp C U UaIVVP cU.
aryyp€U aryyp€U

By Proposition 3.11, we get
U=U;ypUUryyp C ( U Uazvp)u( U UaIVVP) cU, ie.,

aryp€U aryyp€U
- U IVP U UaIVVP )
aryp€U aryyp€U
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It is obvious that (UaIVPEU Ua,, )Y (U

fore 7,, ., N T, v 5

" cv Ua ) € 7. Hence U € 7. There-
IVVP Ivvpe
C 7. This completes the proof. O

The following is the immediate result of Proposition 5.13.
Corollary 5.14. Let (X,7) be an IVTS. Then
vc,=1vc, NIVC,
IVP

vvp’

Example 5.15. In Example 5.7, we can easily check that Corollary 5.14 holds.

6. INTERIORS AND CLOSURES OF IVSs

In this section, we define interval-valued interiors and closures, and investigate
some of their properties and give some examples. In particular, we will show that
there is a unique IVT on a set X from the interval-valued closure [resp. interior]
operator.

Definition 6.1. Let (X, 7) be an IVTS and let A € IV S(X).
(i) The interval-valued closure of A w.r.t. 7, denoted by IV¢l(A), is an IVS in X
defined as:

IVcl(A)=({K:K°crand AC K}.
(ii) The interval-valued interior of A w.r.t. 7, denoted by IVint(A), is an IVS in
X defined as:
IVint(A) = U{G :Gertand G C A}

(iii) The interval-valued closure of A w.r.t. 7

v r, denoted by cl
in X defined as:

A), is an IVS

IVP(

clyyp(A) =K :K° €, and AC K}.

(iv) The interval-valued interior of A w.r.t. 7, ,,
IVS in X defined as:

int,,,(A) = {G:Ger,, and G C A}.

denoted by int,, . (A), is an

(v) The interval-valued closure of A w.rt. 7,,, .,
IVS in X defined as:

clyyp(A) =K :K°€r,,,, and AC K}.

denoted by ¢, ,(A), is an

(vi) The interval-valued interior of A w.r.t. 7, ,, denoted by int, ., »(4), is an
IVS in X defined as:

int,,,p(A) = U{G :G ET,yp and G C A}
Remark 6.2. From the above definition, it is obvious that the followings hold:
IVint(A) Cint,, ,(A), IVint(A) C int A)

IVVP(

and

clvp(A) CIVCl(A), d,yyp(A) CIV(A).
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Example 6.3. Let (X,7) be the IVTS given in Example 5.7. Consider two IVSs
A =[{a,c}, {a,b,c}] and B = [{d},{b,d}] in X. Then
IVint(A) =\ {GeT:GC A} = Ay U Ay = [{c},{a,b,c}],
int,,,(A) =U{G € rrvp: G C A} = [{c},{a,b,c}],
intIVVP(A) = U{G ervvp : G C A}
=A2UA7U A4 U Ay7 = [{a, ¢}, {a,b,c}]
and
IVe(B)=({F: F¢er, BCF}=A5nNA:N AN AS = [{d},{a,b,d}],
cyp(B)=({F:F°ce€mv, BCF}=A5nA:N AN AS = [{d},{a,b,d}],
CZIVVP(B) = ﬂ{F FeeTyy, BC F}
= A5 N A5 N AGN A7 N AT N ATy N Af; = [{d}, {b,d}].
Thus, we can confirm that Remark 6.2 holds.

Proposition 6.4. Let (X,7) be an IVTS and let A € IVS(X). Then
IVint(A®) = (IVcl(A))¢ and IV cl(A°) = (IVint(A))°.

Proof. IVint(A®) =\ {U e 7: U C A%}

={Uer: U CcAt, Ut cA "}

= {Uer:AtcU " A~ CcU*"}

=({U:Uer,ACU})°

= (IVcl(A))e.
Similarly, we can show that IVcl(A%) = (IVint(A))°. O
Proposition 6.5. Let (X, 7) be an IVTS and let A € IVS(X). Then

IVint(A) = int,, . (A) Nint,,, . (A).
Proof. The proof is straightforward from Proposition 5.13 and Definition 6.1. O
The following is the immediate result of Definition 6.1, and Propositions 6.4 and
6.5.
Corollary 6.6. Let (X,7) be an IVTS and let A € IVS(X). Then
IVel(A) =cl,yn(A) Ucl,yyp (A).

Example 6.7. Consider two IVSs A = [{a,c},{a,b,c}| and B = [{d}, {b,d}] in X
given in Example 6.3. Then from Example 6.3, we have:

IVint(A) = [{C}7 {a7 b, C}] =int,,, (A)’ ntiyyp (A) = [{a7 C}, {av b, C}]
and
IVCI(B) = [{d}v {a7 b, d} =clyp (B)7 civyvp (B) = [{d}7 {b7 d}]
Thus int,, ,(A4) Nint,,,,(A) = [{c},{a,b,c}] = IVint(A)
and
cyyp (B) Uel,yyp (B) = [{d}v {a7 b, d} = IVCZ(B)'
Theorem 6.8. Let X be an IVTS and let A € IVS(X). Then
(1) Ae IVC(X) if and only if A= IVcl(A),
(2) Ae IVO(X) if and only if A =IVint(A).
Proof. Straightforward. O
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Proposition 6.9 (Kuratowski Closure Axioms). Let X be an IVTS and let A, B €
IVS(X). Then

[IVKO] if A C B, then IVcl(A) C IVel(B),

[IVK1] IVcl(9) = 2,

[IVK2] A C IVcl(A),

[IVK3] IVel(IVel(A)) = IVel(A),

[IVK4] IVcl(AUB) = IVcl(A)UIV(A).

Proof. Straightforward. O

Let IVel* : IVS(X) — IVS(X) be the mapping satisfying the properties [[VK1],
[IVK2],[IVK3] and [IVK4]. Then we will call the mapping I'Vcl* as the interval-
valued closure operator(briefly, IVCO) on X.

Proposition 6.10. Let IV cl* be the IVCO on X. Then there exists a unique IVT T
on X such that IVcl*(A) = IV cl(A), for each A € IVS(X), where IV cl(A) denotes
the interval-valued closure of A in the IVTS (X, 7). In fact,

T={A° € IVS(X): IVd*(A) = A}.
Proof. The proof is almost similar to the case of ordinary topological spaces. O

Proposition 6.11. Let X be an IVTS and let A, B € IVS(X). Then
(IVIO] if A C B, then IVint(A) C IVint(B),
[IVI1] IVint(X) = X
[IVI2] IVint(A) C A,
[IVI3] IVint(IVint(A)) = IVint(A),
[IVI4] IVint(AN B) = IVint(A) N IVint(A).

Proof. Straightforward. O

Let IVint* : IVS(X) — IV.S(X) be the mapping satisfying the properties [IVI1],
[IVI2],[IVI3] and [IVI4]. Then we will call the mapping I'Vint* as the interval-valued
interior operator (briefly, IVIO) on X.

Proposition 6.12. Let IVint* be the IVIO on X. Then there exists a unique IVT
T on X such that IVint*(A) = IVint(A), for each A € IVS(X), where IVint(A)
denotes the interval-valued interior of A in the IVTS (X, 7). In fact,

T={Ae€IVS(X): IVint*(A) = A}.
Proof. The proof is similar to one of Proposition 6.10. g

Definition 6.13. Let (X,7) be an IVTS, a € X and let A € IV S(X). Then
(i) a,,p, € Ais called a 7, ,-interior point of A, if A € N(a,,,),
(ii) a,,,p € A is called a 7, ,-interior point of A, if A € N(a
We will denote the union of all 7,,, ,-interior points [resp. T

IV P IVVP
of Aas,,,—int(A) [resp. 7,,,p, —int(A)]. It is clear that

Trve — Znt(A) = U{aIVP t A€ N(a’IVP)}
Theorem 6.14. Let (X, 7) be an IVTS and let A € IVS(X).
(1) Aer,,, if and only if Aryp = 7,,, — int(A).
(2) A€ty if and only if Arvvp = T,y p — int(A).
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Proof. (1) Suppose A € 7,,,, and let a,,,, € Aryp. Then by the definition of Ary p,
a,,, € A. Thus by the definition of 7,,,,, A € N(a,, ). So a,,, € 7,,, — int(A),
ie., Ajyp C Tivep — mt(A)

Now let a,,, € 7,,, — int(A). Then A € N(a,,,). Thus a,,, € A. So a,,, €
/1[\/137 ie., Trve — Znt(A) C Ajyp. Hence Ajyp = Tivp — znt(A)

Conversely, suppose the necessary condition holds and let a,,,, € A. Thena,,, €
Arvp. Thus by the hypothesis, a,,, € 7,,, — int(4). So A € N(a,, ). Hence by
the definition of 7 Aer

IV P) IVP®

(2) The proof is similar to that of (1). O

Proposition 6.15. Let X be a non-empty set, (A;)je; C IVS(X) and let A =
Ujes Aj. Then

(1) Arve =Ujes 4jave,

(2) Arvve = Ujes 4jvve.

Proof. (1) For each j € J, let A; = [A], A;r] Then clearly, we have

— — - +
A= 4 =1U4.U 4N
jed JjeJ JjeJ
Now let a,,, € A. Then a,,, € U;c;Aj. Thus a € {J;c; A; . So there is jo € J
such that a € A} . Hence a,,, € Aj, rvp, ie., a,,, € Ujc; 4j1vp.

Conversely, suppose a,,, € J;c; 4jrvp. Then there is jo € J such that a,,, €
Ajo,rvp. Thusa € A, . Soa € UjeJ Ay . Hence a,,, € Arvp. Therefore Ajyp =
Ujes Ajorv-

(2) The proof is similar to that of (1). O

IV P

Proposition 6.16. Let (X,7) be an IVTS and let A € IVS(X). Then
(1) Tive — Znt(A) = UGcA7 GET 1y p Grvp,

(2) Trvve — Znt(A) = L.JGCA7 GETyvp CTYIVVP'

Proof. Suppose a,,, € Ugc 4, cer Grvp. Then there is G € 7,,,, such that

GCcAanda,,, €Gryp.

Thus a,,, € G. Since G € 7,,,, G € N(a,,,). So A € N(a,,,). Hence a,,, €
T,vp — int(A).

Conversely, suppose a,, , € 7, p-int(A). Then there is G € T such that
a,,» € GCA.

Moreover, a,,, € Grvp and G € 7,,,,. Thus a,,, € Ugca, cerp Grvp. So the
result holds.
(2) The proof is similar to that of (1). O

Remark 6.17. From Definitions 6.1 and 6.13, we have the following inclusions:

Tive — Z?’Lt(A) C Z’ntlvp (A)’ Trvvp — lnt(A) - intIVVP (A>

But the reverse inclusions do not hold in general (See Example 6.18).
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Example 6.18. Let X = {a,b,¢,d, e} and consider the IVTS (X, 7) given by:
T = {é’ 5(:7 Alv A2a A37 A4, A57 A57 A7a AS}a

where Al = [{av b}v {av b7 CH? A2 = [{aa d}v {(L, bv d}]v AS = [{d7 6}7 X]
Ay = [®7 {a’ b, C}]}’ As = [{a}a {a7b}]}7 Ag = [{d}v {a’ b, d}]7
A7 = [{a,b,d}, X], As = [{a,c,d, e}, X]}.
Then by Remark 5.6 (1), we have
Trvp — TU{AQ, A107A11,A12, A13, A147A15aAlﬁa
Ay7, Arg, A9 Aog, Agi, Aoo, Aoz, Aoy}
and

Tiovvp =T U{A25, Agg, Ag7, Aog, Agg, Aso},

where Ag = [{a,b},{a,b,c,d}], Ao = [{a,b},{a,b,c,e}], A11 = [{a,b}, X],
Aie = [{a,d},{a,b,c,d}], A1z =[{a,d},{a,b,d,e}], A14 = [{a,d}, X],
A5 = [{a}7 {a’ b, C}]v A = [{a}7 {a’ b, d}]v Az = [{a}7 {a7 b, 6}],
Arg = [{a}v {av b,c, d}]v Arg = [{CL}, {a’ b,c, 6}]7 A = [{a}7 {av b,d, 6}],
Ao = [{a}v X]’ Ao = [{d}v {aa b’ &) d}]a A23 = [{d}v {av ba da 6}],
Aoq = [{d}7X]7 Ags = [{b}7 {a7 b, C}], Ao = [{C}7 {a7 b, C}],
Aoz = [{a’ b}’ {a7 b, C}]7 Agg = [{57 C}, {CL, b, C}],
Agg = [{a’ C}, {aa b, C}], Asp = [{a, b, C}, {a, b, C}]

Now let us consider the IVS B = [{a,b,c},{a,b,c,d}] in X. Then

ity p (B) = [{a,b},{a,b,c,d}], Nty p (B) = [{a,b,c},{a,b,c}].
On the other hand, by Propositions 3.11 and 6.16, we have
Trvp — t(B) = [{a,b},{a,b}], 7y, —int(B) = [F,{a,b,c}].
Thus we can confirm Remark 6.17.
Remark 6.19. From Example 6.18, we have the following strict inclusions:
Trve — Znt(A) c intIVP (A)a Trve — Znt(A) 7& Z‘ntlvp (A)v
Tivvp — int(A) C intlvvp (A)7 Tivve = int<A) 7é intlvvp(A)'

Proposition 6.20. Let (X,7) be an IVTS and let A, B € IVS(X). Then
(1) Tivp — Z?’Lt(A) C Arvp, Tivvp — mt(A) C Arvvp,
(2) if A C B, then 1, ., —int(A) C 7, , —int(B), T, p—int(4) C T

IVV P

—int(B),

(3) T,vp —it(ANB) =1,,, —int(A) N7, , —int(B),
Trvve —MUANB) =7, —int(A) N7, —int(B),
4) 7, —int(X) =X, 7,0, — int(X) = [2, X].

Proof. From Definition 6.13 and Proposition 6.16, the proofs of (1) and (2) are
obvious. Also, the proof of (4) is clear from Proposition 6.16. we will prove only (3).

Let a,,, € 7,,, —int(ANB). Then clearly, ANB € N(a,, ). Thus A € N(a,,,)
and B € N(a,,,). Soa,,, € 7,,, —int(4) and a,,, € 7,,, — int(B), i.e.,

Gypp € Tryp — Nt(A) N7, — int(B).

Hence 7,,,, —int(AN B) C 1,,, — int(A) N 1,,, — int(B).
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Conversely, suppose a,,, € 7,,p, — nt(A) N 7,,, —int(B). Then A € N(a,,,)
and B € N(a,,,). Thus ANB € N(a,, ). So a,,, is a 7, -interior point of AN B,
ie.,

a,vp € Tyyp —int(AN B).

Hence 7,,, — int(A) N 7,,, — int(B) C 7,,, — int(A N B). Therefore the equality
holds.
The proof of the second part is similar to that of the first part. O

Remark 6.21. The equalities 7, , —int(7,, , —int(A)) = 7, , —int(A) and 7, , —
int(T,vp — Nt(A)) = 7, p — int(A) do not hold in general (See Example 6.22)

Example 6.22. Let (X, 7) be the IVTS and let B be the IVS in X given in Example
6.18. Then we can easily check that

Trve — Znt(B) = [{a‘7 b}7 {a7 b}] and Trve — int(TIVP - Znt(B)) = [{a}’ {a‘7 bH
Thus 7,,, — int(B) # 7,,p — int(1,,, — int(B)).

7. CONCLUSIONS

By using the notion of interval-valued sets introduced by Yao [17], we defined an
interval-valued (vanishing) point and obtained some of its properties. Also, we de-
fined an interval-valued ideal and studied some of its properties. Next, we introduced
the notion of interval-valued topological spaces which are considered as a bitopo-
logical space proposed by Kelly [9]. Moreover, we defined an interval-valued base
and subbase and found the characterization of an interval-valued base. Finally, we
introduced the concept of interval-valued neighborhoods and obtained some similar
properties to classical neighborhoods. Furthermore, we defined an interval-valued
closure and interior and dealt with their some properties. In the future, we ex-
pect that one can apply the notion of interval-valued sets to group and ring theory,
BC K-algebra and category theory, etc.
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